The eukaryotic signaling protein calmodulin (CaM) can bind to more than 300 known target proteins to regulate numerous functions in our body in a calcium-dependent manner. How CaM distinguishes between these various targets is still largely unknown. Here, we investigate fluctuations of the complex formation of CaM and its target peptide sequences using single-molecule force spectroscopy by AFM. By applying mechanical force, we can steer a single CaM molecule through its folding energy landscape from the fully unfolded state to the native target-bound state revealing equilibrium fluctuations between numerous intermediate states. We find that the prototypical CaM target sequence skMLCK, a fragment from skeletal muscle myosin light chain kinase, binds to CaM in a highly cooperative way, while only a lower degree of interdomain binding cooperativity emerges for CaMKK, a target peptide from CaM-dependent kinase kinase. We identify minimal binding motifs for both of these peptides, confirming that affinities of target peptides are not exclusively determined by their pattern of hydrophobic anchor residues. Our results reveal an association mode for CaMKK in which the peptide binds strongly to only partially Ca 2؉ -saturated CaM. This binding mode might allow for a fine-tuning of the intracellular response to changes in Ca 2؉ concentration.
The eukaryotic signaling protein calmodulin (CaM) can bind to more than 300 known target proteins to regulate numerous functions in our body in a calcium-dependent manner. How CaM distinguishes between these various targets is still largely unknown. Here, we investigate fluctuations of the complex formation of CaM and its target peptide sequences using single-molecule force spectroscopy by AFM. By applying mechanical force, we can steer a single CaM molecule through its folding energy landscape from the fully unfolded state to the native target-bound state revealing equilibrium fluctuations between numerous intermediate states. We find that the prototypical CaM target sequence skMLCK, a fragment from skeletal muscle myosin light chain kinase, binds to CaM in a highly cooperative way, while only a lower degree of interdomain binding cooperativity emerges for CaMKK, a target peptide from CaM-dependent kinase kinase. We identify minimal binding motifs for both of these peptides, confirming that affinities of target peptides are not exclusively determined by their pattern of hydrophobic anchor residues. Our results reveal an association mode for CaMKK in which the peptide binds strongly to only partially Ca 2؉ -saturated CaM. This binding mode might allow for a fine-tuning of the intracellular response to changes in Ca 2؉ concentration.
atomic force microscopy ͉ protein engineering ͉ protein-target interactions N umerous signaling pathways in plants and animals depend on calcium as their second messenger molecule. In eukaryotic cells, the small (148 aa) two-domain protein calmodulin (CaM) is the prevalent Ca 2ϩ signaling protein. Upon binding of four Ca 2ϩ ions to the EF-hand motifs of CaM, the flexible calcium-free apo conformation is converted into an extended holo conformation. In the Ca 2ϩ -loaded form, hydrophobic clefts are exposed in both domains of CaM, allowing additional binding to specific recognition sequences in target proteins (Fig.  1A ) (1) . To date, more than 300 target proteins for CaM have been described, with affinities typically in the nanomolar range (2) . Simulations show a high degree of conformational plasticity for CaM, which might be necessary for binding to a large variety of targets (3) . Among the targets of CaM, kinases that regulate important cellular processes such as gene transcription, muscle contraction, and neuronal growth take center stage. Reflecting its importance, the signaling pathways of CaM and its ligand binding properties have been studied extensively during the past 30 years using state of the art biophysical techniques (4) . However, for most of the CaM-target sequence complexes, structural information is lacking. Furthermore, for a large majority of target peptides, no detailed information about association and dissociation kinetics, as well as about binding modes, is available (4). In particular, association of target peptides to only partially Ca 2ϩ -saturated CaM may play a crucial role for fine-tuning the intracellular response to Ca 2ϩ signals, yet dissection of the sequence of peptide binding events remains a challenge.
In recent years, single-molecule mechanical methods have opened unique possibilities to study and control biomolecular conformations with unprecedented precision (5) (6) (7) (8) (9) . In particular, several studies have investigated protein-ligand interactions on the single-molecule level (10) (11) (12) (13) . We have recently demonAuthor contributions: J.P.J. and M.R. designed research; J.P.J. performed research; J.P.J. and M.R. analyzed data; and J.P.J. and M.R. wrote the paper.
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This article contains supporting information online at www.pnas.org/cgi/content/full/ 0904654106/DCSupplemental. CaM-skMLCK is incorporated into filamin domains (gray) that serve as handles for attaching the protein construct to a surface and to an AFM cantilever tip. (C) Typical force vs. extension trace of skMLCK fused to CaM (CaM-skMLCK) at a pulling velocity of v pull ϭ 0.5 nm/s. Unfolding peaks of DomN and DomC of CaMskMLCK are shown in red and blue, respectively. WLC curves are shown in gray. In the skMLCK amino acid sequence, hydrophobic anchor residues are highlighted in bold type, charged amino acids directly adjacent to these hydrophobic residues are colored in green. (D) Force vs. extension trace of CaMKK inserted between DomN and DomC of CaM (CaM-CaMKK), recorded at a pulling velocity of 1 nm/s. Again, unfolding peaks of DomN and DomC of CaM-skMLCK are shown in red and blue, respectively. (E) Sequence alignment of the target peptides skMLCK, smMLCK, mastoparan, and CaMKK. Hydrophobic anchor residues are shown in bold font, and charged amino acids directly adjacent to hydrophobic anchor residues are colored in green.
strated that single-molecule force spectroscopy by AFM allows direct observation of equilibrium fluctuations of CaM (9) . We compare the CaM binding peptide sequences of two target kinases, skeletal muscle myosin light chain kinase (skMLCK), which phosphorylates the regulatory light chain of myosin II (14) , and CaM-dependent kinase kinase (CaMKK), which primarily phosphorylates downstream regulatory kinases that are also activated by CaM (15) (see also sequence alignment in Fig.  1E) . skMLCK, for which extensive structural and kinetic data exist, has been regarded as the prototypical CaM target peptide (16, 17) . In contrast, the CaMKK peptide exhibits considerable differences in comparison to most other CaM target sequences. The most striking irregularity is the reversed binding orientation relative to other peptides such as skMLCK, i.e., CaMKK binds with its C terminus to the C-terminal lobe of CaM, whereas skMLCK binds with its C terminus to the N-terminal domain of CaM (18) . Binding kinetics and interactions with the individual domains of CaM are largely unknown for CaMKK. However, a protein dynamics study using NMR reveals fundamentally different binding interactions of CaMKK as compared to MLCK (19) . Here we show that mechanically induced peptide binding/ unbinding transitions yield detailed insights into CaM-target peptide interactions and reveal an association mode for CaMKK in which the peptide binds strongly to only partially Ca 2ϩ -saturated CaM.
Results
The experimental setup is depicted schematically in Fig. 1B . The 26-aa target sequence of skMLCK is fused to the C-terminal end of CaM via a short peptide linker (CaM-skMLCK, see sketch in Fig. 1C ) (20) . We incorporated CaM-skMLCK into Ig domains of Dictyostelium discoideum filamin, which serve as handles for attaching the protein construct to a surface and to an AFM cantilever tip, as described previously (9, 21) . Because of its reversed binding orientation, CaMKK cannot be attached at the C-terminal end of CaM. We therefore inserted the peptide into the central interdomain linker of CaM (CaM-CaMKK, see sketch in Fig. 1D ) (22) .
By moving the surface and the cantilever apart, we can now exert force onto the protein chain, which increases the unbinding rate k off of the peptide and, in turn, decreases its rebinding rate k on . Therefore, the binding/unbinding kinetics of CaM target peptides can be moved to readily observable timescales, allowing real-time observation of target peptide binding/unbinding and CaM folding/unfolding transitions in equilibrium (9) . A typical force vs. extension trace of CaM-skMLCK is depicted in Fig. 1C . As we have shown previously, the two peaks, colored in red and blue, correspond to the unfolding of the N-terminal (DomN) and the C-terminal domain (DomC) of CaM, respectively (9) . At first sight, force vs. extension traces of CaM-CaMKK (Fig. 1D) show the same unfolding pattern, indicating that both domains still unfold separately in this protein construct. For both CaMskMLCK and CaM-CaMKK, multiple transitions between the folded state (upper level) and the unfolded state (lower level) can be readily detected for DomN and DomC. A first indication of significantly different binding modes of these two target peptides becomes evident when the length gains upon unfolding of DomN and DomC are analyzed. In CaM-skMLCK, the increase in contour length of the first unfolding peak is significantly larger than that of the second peak (Ϸ41 nm as opposed to Ϸ22 nm). For CaMKK, both length increases have comparable values (Ϸ31 nm and Ϸ34 nm). The overall length increases are in excellent agreement with the expected values for both CaM-skMLCK and CaM-CaMKK (see SI Text).
To obtain more insight into peptide binding and unbinding, we zoomed into the transition regions of DomN and DomC for force vs. time traces of CaM-skMLCK ( Fig. 2 ) and of CaM-CaMKK (Fig. 3) . Close inspection of the unfolding transitions of DomN in the CaM-skMLCK construct ( Fig. 2 A) reveals population of a short-lived intermediate (dashed middle level, arrows) between the upper level (fully folded and peptide bound) and the lower level (DomN unfolded). The transitions between the upper and the middle level represent skMLCK binding/ unbinding fluctuations, whereas transitions between the middle level and the lower level correspond to unfolding and folding of DomN (9) . In contrast, in the time traces of DomC, no additional level can be distinguished (Fig. 2B) , suggesting a low affinity of the peptide to isolated DomC (17) . Since the intermediate level (arrows in Fig. 2 A) is so short-lived that it is barely perceptible in many of the traces, we developed a competitive assay to increase the lifetime of this level and thus study the binding/ unbinding pathway in greater detail. To selectively stabilize the intermediate level (CaM completely folded, skMLCK unbound) we added the CaM binding peptide mastoparan to the solution. If skMLCK unbinds under force, mastoparan will bind to DomN and DomC, thereby prolonging the lifetime of the unbound level (middle level) by preventing rebinding of skMLCK. (Fig. 2D ). It is, however, important to note that the frequency of folding/unfolding of DomC is drastically reduced in the presence of mastoparan as becomes evident by comparing Fig. 2 B and D. This effect is due to a stabilization of the folded state by mastoparan binding to DomC (9) .
The assignment of the various transitions to structural events can be carried out by worm-like chain (WLC) fits (23) to force vs. extension traces. To this end, we recorded traces of CaMskMLCK in the presence of 100 M mastoparan at a higher pulling velocity (Fig. 2E) . Since the skMLCK peptide (26 aa) is shorter than each of the two domains of CaM (ca. 70 aa residues), the lowest increase in contour length upon unfolding must be attributed to peptide unbinding. Thus, the fits clearly show that, in the first step (⌬L I ϭ 16.5 Ϯ 1.4 nm), skMLCK detaches from CaM. Subsequently, DomN (⌬L II ϭ 24.3 Ϯ 1.3 nm) and finally DomC (⌬L III ϭ 22.4 Ϯ 1.3 nm) unfold (9) . A detailed analysis of contour length increases reveals that upon unbinding of skMLCK, also the central interdomain linker (Ϸ15 aa residues) unfolds, leading to a larger increase in contour length than expected for the peptide alone (Table S1 and Fig. S1 ). Apparently, binding and unbinding of skMLCK happens cooperatively in a single step, i.e., no partial dissociation intermediates of skMLCK can be observed.
In contrast to CaM-skMLCK, three levels appear to be populated in the unfolding time traces of both DomN and DomC of CaM-CaMKK (Fig. 3A and B) . However, similar to CaMskMLCK, a clear discrimination of the middle level for DomN is not possible due to the fast kinetics. Again, a competitive assay with mastoparan in solution allows stabilizing the short-lived intermediate states, which helps to clearly identify the three distinct levels in the unfolding traces of the two domains ( Fig. 3  C and D) . For both DomN and DomC, we interpret transitions between the upper and the middle level as peptide binding/ unbinding fluctuations and transitions between the middle and the lower level as domain folding/unfolding. The assumption that the middle levels correspond to a folded domain with unbound target peptide is corroborated by the increased lifetime of these two levels in the presence of mastoparan.
As before, the assignment of unfolding transitions to structural events can be analyzed in more detail by WLC fits to traces recorded at 100 M mastoparan and at a higher pulling velocity (Fig. 3E) . As expected, the peptide unbinding events (⌬L I ϭ 12.9 Ϯ 1.3 nm, ⌬L III ϭ 11.1 Ϯ 1.2 nm) exhibit shorter length increases than the domain unfolding transitions (⌬L II ϭ 17.7 Ϯ 1.4 nm, ⌬L IV ϭ 22.8 Ϯ 1.2 nm) (see Fig. S2 ). The fact that ⌬L I is smaller than the expected value of Ϸ20 nm for unbinding of the full CaMKK peptide clearly indicates that not the full peptide, but only a major N-terminal part of CaMKK (CaMKK N) detaches from CaM in the first transition, while the Cterminal part of the target peptide (CaMKK C) unbinds in the third transition (see SI Text for detailed calculations of contour length increases). Midpoint unbinding forces of CaMKK N and CaMKK C are considerably lower than those of skMLCK (see Table 1 ).
Naively, one might expect that the sum of the lengths of the two peptide unbinding transitions ⌬L I ϩ ⌬L III ϭ 24.0 Ϯ 1.3 nm should equal the total length of the CaMKK peptide. However, the total length of the CaMKK peptide is only Ϸ20 nm and hence clearly shorter. At the same time, we measure a length increase of only ⌬L II ϭ 17.7 Ϯ 1.4 nm for the unfolding of DomN. For unfolding of DomN, however, we would expect a significantly longer length gain of Ϸ24 nm (see also corresponding length in Fig. 2E ). We can only understand this apparent shortening of DomN and lengthening of CaMKK if we assume that a part of CaMKK N rebinds to DomC after unfolding of DomN (see SI Text, Table S1 , and Fig. S1 ). With ⌬L IV ϭ 22.8 Ϯ 1.2 nm, the contour length increase upon unfolding of DomC of CaMCaMKK is in perfect agreement with the value determined earlier (Fig. 2E) . In summary, our analysis allows the following detailed description of the sequence of unfolding events of CaM-CaMKK (see also scheme in Fig. 3E ). First, a large part of CaMKK detaches from CaM. In a second step, DomN unfolds, while quasi-simultaneously, several amino acids of CaMKK rebind to DomC. As the force is increased again, the remaining part of the CaMKK peptide unbinds from DomC, which in turn unfolds last. (Fig. 3F) . The observation that the N-terminal part of CaMKK can only bind to full-length CaM indicates a cooperative binding mode in which both domains have to interact with the peptide segment to allow formation of a stable bond. As expected, we can still observe CaMKK binding/unbinding transitions in the DomC-CaMKK construct where the complete DomN is removed (Fig. 3G) . Contour length increases and unbinding forces of DomC-CaMKK are in excellent agreement with the respective transitions of full-length CaM-CaMKK (Table S2), confirming the above interpretation of the four transitions in Fig. 3E .
Comparing skMLCK and CaMKK experiments, we clearly find different degrees of binding cooperativity. skMLCK binds strongly only to fully folded CaM, but does not form a stable complex with DomC after unfolding of DomN. Also for isolated DomN, no significant affinity to skMLCK has been reported (17) . Taken together, these results show a high degree of cooperativity between both domains of CaM for skMLCK binding, since only in the presence of both domains, a strong interaction between skMLCK and CaM is possible. For CaMKK, we observe a lower degree of binding cooperativity. The peptide dissociates in two steps, first CaMKK N unbinds from DomN, then in a second step CaMKK C dissociates from DomC. Folded and Ca 2ϩ -loaded DomC is sufficient for stable association of CaMKK. However, binding of CaMKK to DomN is only possible in the presence of DomC, revealing considerable binding cooperativity between both domains of CaM for association of CaMKK N.
We next investigated the effect of truncation mutants of target peptides on their affinity to determine minimal binding motifs for strong association to CaM. In the 26-residue peptide skMLCK, amino acids 5 to 17 correspond to the canonical CaM binding motif, characterized by a pattern of hydrophobic anchor residues (4) (see also Fig. 1E) . In most binding studies, a shortened peptide skMLCK (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) , which contains the full hydrophobic anchor motif, has been used (24, 25) . In Fig. 4 A and B, sample traces of CaM-skMLCK (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) in the presence of mastoparan are depicted. Again, an intermediate level appears for DomN (Fig. 4A) but not for DomC (Fig. 4B) , so that the protein construct qualitatively shows the same binding/ unbinding behavior as full-length CaM-skMLCK . However, a detailed analysis of the midpoint unfolding forces of the transition region reveals that forces are lower for the truncated peptide (see Fig. 4A and Table 1 ). This finding suggests that the amino acid residues at the C-terminal end of skMLCK adjacent to the hydrophobic anchor residue Phe-17 are important for optimizing bond strength.
If the skMLCK peptide is shortened even further to amino acid residues 4-17, i.e., to the minimal peptide length compatible with conservation of all hydrophobic anchor residues, a binding/ unbinding transition cannot be detected any more (Fig. S2B) . Thus, we find an important role of the charged amino acid residues at the N terminus of skMLCK for high-affinity binding (see also Fig. 1E ). These N-terminal residues are mostly discussed in the literature as being responsible for the orientation of the peptide in the binding pocket (4, 18) . Furthermore, the MLCK variant from smooth muscle, smMLCK, unbinds at similar forces as skMLCK (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (Table 1 and Fig. S2 A and C) , whereas no similar cooperative high affinity binding under force takes place for mastoparan (Fig. S2D) , corroborating our previous finding of a 2:1 stoichiometry with lower affinities for mastoparan binding to CaM (9) .
Next, we set out to determine the minimal CaMKK sequence necessary for strong binding to DomC. To this end, we engineered truncation mutants of DomC-CaMKK by deleting 8 or 14 aa residues at the N-terminal end of CaMKK (Fig. 4 C and D) . We find that CaMKK (9-26) still binds strongly to DomC, with midpoint unbinding forces and contour length increases that are indistinguishable from full-length CaMKK (Fig. 4C and Table  S2 ). In particular, this finding suggests that the hydrophobic anchor residue Trp-7 of CaMKK, interacting with DomN in the complex with full-length CaM (18), does not associate with isolated DomC. Removal of the next 6 aa residues [CaMCaMKK (15-26)], however, completely abolishes binding to DomC (Fig. 4D) . Thus, we conclude that the minimal binding motif of CaMKK for binding to DomC starts between residue 9 and 14 of CaMKK .
To extrapolate the observed peptide binding/unbinding kinetics to zero force, we measured the pulling speed dependence of unbinding forces under nonequilibrium conditions for both skMLCK and CaMKK. Mean unbinding forces for both fulllength skMLCK and the truncated peptide skMLCK (1-18) are plotted in Fig. 5A . As before under equilibrium conditions, the mean unbinding force of skMLCK (1-18) is lower than that of skMLCK (1-26) at all measured pulling velocities. We can now determine the zero-force potential energy landscape for peptide binding and unbinding by reproducing the experimental data with Monte Carlo simulations (see SI Text and Fig. S3 ) (26) . We find a 10-fold higher unbinding rate k off for skMLCK (1-18) as compared to skMLCK , while binding rate k on and potential widths ⌬x N-TS and ⌬x U-TS remain roughly the same (Fig.  5B) .
In a further set of experiments, we determined the pulling speed dependence of the peptide unbinding transitions of CaMCaMKK. In Fig. 5C , we plot the average unbinding forces of the two parts of CaMKK that detach from CaM-CaMKK (CaMKK N and CaMKK C) at different pulling velocities. The unbinding forces of CaMKK N lie Ϸ1 pN below the corresponding values for DomC, highlighting again a relatively strong association with isolated DomC. In the extrapolated potential energy landscape for CaMKK binding/unbinding at zero-force conditions, we find slightly higher potential widths ⌬x N-TS as compared to skMLCK (Fig. 5D) . The zero-force lifetimes of CaMKK complexed with full-length CaM or DomC are on the order of Ϸ100 s, similar to the lifetime of skMLCK bound to CaM.
Discussion
Single-molecule force spectroscopy by AFM has allowed us to observe mechanically induced target peptide binding/unbinding transitions in real-time. By applying mechanical force to CaMtarget peptide complexes, we were able to slow down the transition kinetics to observable timescales and to clearly separate the individual steps of peptide unbinding. The hierarchy of folding and target peptide binding as well as the sequence of peptide unbinding events could be determined in great detail for skMLCK and CaMKK by steering the protein-target complex through its potential energy landscape from the unfolded state to the fully folded target bound state. Denaturants typically used in bulk experiments like urea or guanidinium hydrochloride act rather unspecifically on the potential energy landscape, which would make acquisition of comparable information difficult.
Our results reveal different degrees of cooperativity for the prototypical CaM-binding sequence skMLCK and the more irregular CaMKK sequence. The skMLCK peptide necessitates fully folded CaM for stable binding and dissociates from CaM in a single step upon force application. This finding is in full agreement with a previous experiment in which we found that full-length CaM unfolds at significantly higher forces than isolated domains if free skMLCK is added to the buffer (9) . In contrast, CaMKK already binds strongly to isolated DomC and detaches from CaM in a two-step manner, first from DomN, finally also from DomC. Thus, skMLCK displays a highly cooperative binding behavior, whereas a lower degree of interdomain cooperativity emerges for CaMKK. The affinity of skMLCK to isolated DomC has been reported to be at least three orders of magnitude lower than the affinity to full-length CaM (17) . Hence, the lifetime of the DomC-skMLCK complex is too short to allow observation of peptide binding/unbinding transitions under load. In CaMKK, only the binding of the N-terminal part of the peptide requires the cooperative interplay of both domains of CaM. On the spectrum from the high-cooperativity binding in the case of skMLCK to the zero-cooperativity binding mode of mastoparan with a stoichiometry of 2:1 (9), CaMKK is therefore located in the middle, displaying partially cooperative binding to CaM. It is interesting to note, that the true CaM target sequences skMLCK and CaMKK show significantly stronger binding (bond lifetime Ϸ100 s) to CaM than the wasp venom mastoparan (bond lifetime Ϸ0.01 s) (9) . Low unbinding rates from target sequences might be important for the physiological function of CaM, given that Ca 2ϩ signals often take the form of short-lived spikes (27, 28) and that the number of target sites usually exceeds the concentration of Ca 2ϩ -saturated CaM inside the cell (29) .
Typically, CaM binding peptides are classified according to their pattern of hydrophobic anchor residues. Our experiments with truncation mutants highlight the importance of other residues for the formation of stable complexes. For skMLCK, we found that deletion of residues 19-26 at the C-terminal end of the peptide increases k off by a factor of Ϸ10. Additional suppression of residues 1-3 and 18 completely abolishes binding in our assay, an effect suggesting a major role of these charged residues for bond formation (see also Fig. 1E ). Also in the case of CaMKK, we find that the pattern of hydrophobic amino acid residues (4) may not be sufficient to characterize a target sequence. Even after removal of the first of only two hydrophobic anchor residues (Trp-7), the peptide still binds strongly to DomC.
Our observation that the CaMKK peptide can bind strongly already to isolated DomC may have significant physiological implications on the Ca 2ϩ dependent regulation of kinases. Given that DomC has a higher affinity for Ca 2ϩ than DomN, at low Ca 2ϩ concentrations only DomC will be in the Ca 2ϩ -loaded form (30) . Hence, already partially Ca 2ϩ -saturated CaM may bind strongly to CaMKK at low Ca 2ϩ concentrations when binding to other sequences requiring full Ca 2ϩ saturation of CaM for strong binding might still be impaired, as is the case for skMLCK. Since CaMKK is located at the top of several CaM-dependent signaling cascades, discrimination between different targets is key to proper functioning of this signaling molecule (15) . Activation of CaMKK by partially Ca 2ϩ -loaded CaM could provide a mechanism for distinguishing between the different downstream targets of CaMKK. For instance, protein kinase B might be phoshorylated and activated by a complex of partially Ca 2ϩ -loaded CaM and CaMKK, while the activity of other CaMKK targets that necessitate additional binding of fully Ca 2ϩ -saturated CaM (e.g., CaM-dependent kinase I and IV) would still be blocked.
In summary, we could show that single-molecule force spectroscopy by AFM allows detailed insights into CaM-target peptide interactions, ligand binding modes, and association kinetics on the single-molecule level. In future research, measurements in the physiologically relevant range of low calcium concentrations Ͻ1 M might allow direct investigation of CaMKK binding to only partially Ca 2ϩ -saturated CaM. We postulate that this technique will also reveal a wealth of information about other uncommon CaM binding sequences such as IQ repeats (4).
Methods
Cloning and Protein Expression. To obtain a multidomain protein suitable for mechanical unfolding experiments, human CaM (148 aa residues) was sandwiched between domains three and four of the five rod domains of the actin cross-linker Dictyostelium discoideum filamin (9, 21) . Sequences for skMLCK, smMLCK, and mastoparan were inserted between the C-terminal end of CaM and filamin domain four, with a 4-aa spacer at the N-terminal end and a 2-aa spacer at the C-terminal end of the peptide sequence (20) . The sequence of the CaMKK peptide was inserted into the ␣-helical interdomain linker of CaM between residues 79 and 80, with spacers of 4 aa at both the N-terminal and the C-terminal end of the peptide sequence (22) . For single-domain experiments, residues 1-79 (DomN) or 80 -148 (DomC) of CaM were removed from the protein construct.
All constructs were verified by DNA sequencing. Proteins were purified by nickel-NTA affinity chromatography followed by gel-filtration chromatography. Mastoparan was purchased from Peptanova.
Single-Molecule Force Spectroscopy. Single-molecule force spectroscopy was performed on a custom-built low-drift AFM, as described previously (9) . Gold-coated cantilevers (Biolever Type B; Olympus) with a typical spring constant of 6 pN/nm were used in all experiments. Experiments were carried out at room temperature in a 150 mM KCl, 50 mM Tris buffer solution at pH 8.0, which is a typical buffer for CaM studies, and at 10 mM CaCl 2 (17, 30) . In a typical experiment, protein solution (final concentration Ϸ1 M) was applied to a freshly activated Ni-NTA surface and incubated for 10 min before starting the experiment. Force vs. time and extension vs. time traces were recorded at pulling speeds ranging from 0.5 nm/s to 250 nm/s with a sampling rate of 20 kHz. Piezo stage movement and the corresponding force vs. extension curve are shown in Fig. S4 for a typical trace recorded at 1 nm/s. All data were screened and analyzed in Igor Pro (Wavemetrics) as described in the SI Text. Before analysis, the traces were smoothed by box filtering. The success rate for protein pick-up upon a fast approach-retract pulling cycle was generally Ϸ5%, which is a typical value for single-molecule force spectroscopy experiments (31) . As soon as a correct single-molecule attachment was established, the success rate for a low velocity (Ϸ1 nm/s) pulling cycle was 10%-50%, mostly limited by premature protein desorption from the cantilever. More detailed information on single-molecule force spectroscopy experiments can be found in the SI Text.
